distribution is altered in cells derived from Min mice, and both Lis1 and dynein interact with the C terminus of APC in vitro. Together, our findings point to a previously unknown interaction between APC and Lis1 during mammalian brain development.
Introduction
Identifying genes mutated in human developmental disorders and the analysis of mouse models for the disorders are important steps in understanding the events governing the development of the mammalian neocortex [1] [2] [3] [4] [5] [6] . For example, hemizygous mutations in Lis1/ PAFah1b cause type 1 lissencephaly (smooth brain) in humans [7] . This disorder of neuronal precursor migration causes varying degrees of agyria or pachygyria of the cerebral cortex. Lissencephalic brains have thick cortical regions with poorly defined cortical layers. Some patients have enlarged lateral ventricles [1] . Cognitive and motor functions are impaired and increasingly debilitating seizures are associated with the disorder. Six grades of lissencephaly are recognized, with 1 being the severest and 6 being the mildest form. Although the causes of the phenotypic variability are unknown, it has been suggested that some mutant Lis1 alleles retain residual function, while others exhibit dominant negative activity. Very severe lissencephaly such as that associated with MillerDieker syndrome may be polygenic [8] .
In mice, homozygous deletion or insertion mutations in Lis1 cause early embryonic lethality regardless of the mouse strain [2] . On the other hand, heterozygosity produces various effects dependent on the genetic background. In a mixed genetic background (129SvEv ! NIH Black Swiss), the phenotype of both heterozygous mutations is relatively mild; adult mice are viable and fertile. However, attempts at obtaining the mutation on an inbred genetic background were not successful [9] , suggesting that genetic modifiers exist.
In the mixed background, ventricles are somewhat enlarged in mutant animals. Distinct, vertically aligned, trabeculated neuronal columns are present, and cortical layers are less well organized. Bromodeoxyuridine assays indicate that migration in the cortex is delayed, but that neurons eventually migrate to the appropriate location [2, 10] . In the insertion mutant, enhanced excitability and morphologically altered neurons are detected in the hippocampus [11] . The mice express approximately 50% of the Lis1 of wild-type littermates. A compound heterozygote with further reduced Lis1 expression (approx. 35% of wild type) exhibits a severer phenotype. In the developing mammalian brain, Lis1 deficiency produced by RNA interference in utero impedes a variety of processes. These include regulation of centrosome/nucleus interactions, interkinetic nuclear oscillations in the ventricular zone, the establishment of a bipolar morphology in premigratory cells and their subsequent migration to form the cortical plate [4, 12] . Lis1 is highly conserved, and there is a large body of work in a range of organisms that point to a role for Lis1 in regulating a microtubule motor, cytoplasmic dynein [3, 13] . Dynein carries out intracellular transport of a variety of organelles, vesicles and cytoskeletal components, and contributes to mitosis and the establishment of polarity in many cell types. We reported that Lis1 modestly stimulates dynein's ATPase activity [14] , and many of the cellular effects of Lis1 perturbation can be linked to altered dynein function [15] . Lis1 has also been linked to controlling the interaction of dynein with microtubule plus ends.
The list of dynein-associated proteins is growing. This complexity of interactions may contribute to fine control of dynein mechanochemical activity or may regulate switching between dynein's diverse activities, but our understanding of how interacting proteins regulate dynein is minimal, at best [15] . Other proteins that interact with dynein include dynactin, a large multisubunit complex involved in tethering dynein to microtubules during its power stroke to control processivity [16] . Dynactin may also play a role in cargo selection [17] . Lis1, dynein and dynactin are considered microtubule-plus-end-tracking proteins (+TIPS) [18] [19] [20] and are thought to play a role in microtubule interactions with the cell cortex. Force generation at the interface between microtubule ends and the cell cortex, and the delivery of signals to the cortex that govern actin assembly and cell polarity, may be dynein dependent [21] . Another plus end protein is the product of the adenomatous polyposis coli protein (APC) gene [22] . APC is generally linked to colon cancer as mutations cause familial adenomatous polyposis [23] . In its tumor suppressor function, APC prevents ␤ -catenin-dependent transcriptional upregulation of a cell cycle program [24] . Like Lis1 and dynein, APC functions in mitosis, migration and establishment of polarity [25] . There is also evidence that APC functions during axon growth. An APCinteracting protein (EB1), binds to p150glued, a subunit of dynactin forming a potential link between APC and dynein [26] . Another partner of APC, ␤ -catenin, targets APC to membrane protrusions in cultured cells [27] . ␤ -Catenin reportedly interacts with dynein and may regulate dynein's ability to capture microtubules at sites of nascent cell contacts [6] .
We have now crossed two strains of mice with mutations in Lis1 and APC to determine whether APC and Lis1 interact genetically. A mouse model for lissencephaly (PAFah1bneo, hereafter referred to as Lis1+/-mice) has mild neuronal positioning defects [2] . When the Lis1 mutation is bred into the C57BL/6 mouse strain, 20% of animals develop a severer phenotype, pointing to the presence of genetic modifiers. The mice develop hydrocephalus and altered behavior, and die in the first month. The APC mutant (the APC +/min or Min mouse) is a model for familial colon cancer and develops hundreds of intestinal adenomas, but has no detectable brain abnormalities. Analysis of double mutants indicates that the Min mutation is a genetic enhancer of the Lis1+/-brain phenotype. We provide evidence for an interaction between the C terminus of APC and both Lis1 and dynein. We propose that Lis1 and APC target dynein function such that compounding the mutations results in greater dynein deregulation and severer brain abnormalities.
Methods

Animals
Lis1 interacts with brain-specific PAF1b acetylhydrolases, so Lis1 is also referred to as the noncatalytic or ␤ -subunit of PAFah1b. A heterozygous Lis1 mouse mutant (PAFah1bneo) was originally established in a mixed genetic background (129SvEv ! NIH Black Swiss) [2] . These were inbred with the NIH Black Swiss strain over many generations to increase litter size [9] . Thus, NIH Black Swiss is the predominant background strain we began with for our crossbreeding experiments. The Lis1 mutation in PAFah1bneo (Lis1+/-) mice replaces part of exon 6 and all of exon 7 with PKGneo in the opposite transcriptional orientation to Lis1. It is thought to be a true null mutation [2] . The APC +/min (Min) mice used in our experiments were bred and maintained by the Center for Colon Cancer Research at the University of South Carolina. The Min mouse has a mutation at codon 850 in one allele of the APC gene and encodes a truncated version of APC. Because they develop intestinal adenomas, Min mice are a good model for human familial adenomatous polyposis, a hereditary predisposition to colorectal tumors caused by APC mutations that often result in protein truncations [28] . The C57BL/6 background of the Min mouse contributes to the development of intestinal adenomas, as fewer tumors are reported in a mixed background [24, 29] . To generate compound heterozygotes, Lis1+/-mice were backcrossed into the Min strain. Compound 'LisMin' heterozygotes were obtained for 5 generations, but because of reduced fertility, 5th-and 6th-generation Lis1+/-mice were crossed with wild-type C57BL/6 mice to generate 7th-generation Lis1+/-animals. These were then crossed with the Min mouse to obtain Lis1+/-, Min, LisMin (double heterozygotes) and wild-type littermates with a greater than 99% C57BL/6 genetic background.
Genotyping
Mice were genotyped at 21 days old by established methods using standardized primers for each mutation. When embryos or perinatal animals were used, genotyping was performed at the time of harvesting.
Histology
Adult mice were perfused with 4% paraformaldehyde. Brains were removed and placed in 4% paraformaldehyde for 24-48 h. Fixed brains were dehydrated, embedded in paraffin and sectioned into 8-m-thick coronal sections. Cytoarchitecture was visualized by cresyl violet or hematoxylin and eosin staining. Images were captured using either a Nikon SMZ1500 stereomicroscope and Q Capture software (Quantitative Imaging Corporation, Burnaby, B.C., Canada), or with a Zeiss Axiovert microscope and Zeiss Axiovision software.
Cluster Migration Assay
This assay was performed as described elsewhere [5] . Briefly, postnatal day 8 mice were anesthetized, and cerebellar tissue was excised, digested with 2.5% trypsin for 5 min and triturated to obtain a single-cell suspension. Cells were resuspended in 3 ml of Dulbecco's modified Eagle's medium containing 2 m M L -glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 10% fetal bovine serum, 10% horse serum, 6 m M glucose, 10 g/ml human transferrin, 10 g/ml insulin and 10 ng/ml selenium. Cultures were placed in loosely capped 15-ml tubes and incubated at 37 ° C in an incubator for 24 h to form clusters. These were transferred to 6-well plates coated with 2 ml of poly-D -lysine (100 g/ml) and laminin (25 g/ml). After 2 h at 37 ° C with 5% CO 2 to allow clusters to adhere to the plate, the medium was washed off and clusters were incubated in serum-free medium. After 48 h, cells were fixed in 4% paraformaldehyde. Phase contrast images of 25 equalsized clusters (approx. 100 m diameter) from 3 cultures were analyzed for cell migration. The number of neurons that had migrated at least 3 m away from the cluster was determined for each cluster, and the mean for each genotype was calculated. In addition, the distance traveled was recorded for each migrating granule cell. The latter was used to determine whether the distance traveled was affected by the compound mutation.
Western Blot Analysis
Brains were Dounce homogenized in lysis buffer. Lysates were cleared by centrifugation and protein concentrations determined. Twenty, 30 or 50 g of brain lysate from each genotype was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes. Blots were probed with antibodies to mouse polyclonal Lis1 [3] and Ndel1 [12] antibodies, DIC monoclonal antibody (mAb) 74.1 (Santa Cruz), ␤ -catenin mAb (BD Biosciences) and EB1 mAb (BD Biosciences). Primary antibodies were incubated 1 h to overnight, and then blots were exposed to the appropriate horseradish-peroxidase-conjugated secondary antibodies. Labeled proteins were detected using a Western Lightning ECL Plus reagent (Perkin Elmer).
Measuring EB1 Distribution in Neurites
Neuronal cultures were prepared essentially as described elsewhere [30] . On the day of birth, cortices from offspring of Lis1+/-and APC +/min crosses were dissected and pial membranes removed. Cortices were dissociated and plated separately, so genotyping could be determined by PCR of tail digests. Dissociated neurons were plated onto laminin-coated glass coverslips. At 2-3 days after plating, cells were fixed in 100% cold methanol. After blocking in normal goat serum and bovine serum albumin, cells were incubated with a mouse mAb to EB1 (BD Biosciences) for 1 h at room temperature, then exposed to fluorescein-isothiocyanate-conjugated secondary antibodies (Cappel). Nuclei were labeled with bizbenzamide. Coverslips were mounted on glass slides using ProLong Gold mounting medium (Molecular Probes). Regions of 400 m 2 that contained approximately equal numbers of cell bodies (around 10) were selected for analysis. Two areas from 2 cultures derived from 2 different animals per genotype were analyzed (total of 4 areas/genotype). Digital images of these areas were acquired using a high-resolution Axiocam and Axiovert 200 inverted microscope linked to Axiovision data acquisition software. Each image was exposed for the identical amount of time. Images were processed with Image J software so that pixels with intensities above an arbitrarily chosen threshold were labeled red. The number of red pixels within neurites (not in cell bodies) was determined for each image. In addition, the number of high-intensity pixels present in 20 axon segments of 20 m in length was determined.
Cloning and Protein Expression
A 747-base-pair fragment of the 3 -end of APC (cAPC) was generated by PCR amplification from a full-length human APC construct. This was subcloned into a pET 30 EK/LIC vector (No-vagen) for expression of a histidine-tagged peptide in Escherichia coli. Bacteria were exposed to isopropyl-␤ -D -thiogalactopyranoside for 0 or 3 h and then lysed in B-PER buffer (Pierce) containing lysozyme and a protease inhibitor cocktail. A 30-kDa peptide that was labeled by probing Western blots with a Histag mAb (Novagen) or APC C-20 rabbit polyclonal antibody (Santa Cruz) was present following induction. The recombinant murine Lis1 protein was isolated from Sf9 insect cells following infection with recombinant baculovirus and did not contain detectable dynactin, dynein, Ndel1 or tubulin [14] . This purified Lis1 was able to interact with purified PAFah1b ␣ 2 -dimers and Ndel1 in brain extracts, increasing confidence that the protein was properly folded.
Dynein Purification
Cytoplasmic dynein was purified from bovine brain as described previously [14] . The dynein contains all subunits in the motor holoenzyme, and contains no detectable Lis1, p150glued, Ndel1, EB1 or tubulin [14] . The dynein purified in this manner is enzymatically active based on its capacity to hydrolyze ATP [14] and its ability to undergo processive movement along microtubules [31] .
Immunoprecipitation Then, 500 l of a bacterial lysate containing expressed cAPC was coincubated with 6.0 pmol purified brain dynein for 30 min at room temperature, with or without Lis1. To precipitate Lis1, 1 g of the Lis1 antibody was added to reaction. After rocking for 1 h at 4 ° C, Lis1 complex was precipitated using protein A Sepharose beads at 4 ° C. Proteins were eluted from washed beads in sodium dodecyl sulfate sample buffer and analyzed by Western blotting with the anti-Histag and Lis1 antibodies. Blots were also probed for DIC. To control for nonspecific binding to beads or antibodies, identical reactions were carried out in the absence of Lis1 or dynein.
Results
The Incidence of Hydrocephalus in Lis1+/-Mice Is Exacerbated by a Heterozygous APC Min Mutation
Because the Lis1+/-mutation is maintained in a different mouse strain (Black Swiss) than the Min mouse (C57BL/6), Lis1+/-animals were successively backcrossed with the Min mouse for 8 generations to obtain both mutants and double heterozygotes on the BL/6 background. During this period of backcrossing, we observed growth retardation and the appearance of a domed cranium typical of progressive hydrocephalus in some animals ( fig. 1 A) . The affected animals were at first hyperactive but became progressively inanimate and died within the first month after birth. Genotype/phenotype analysis indicated that hydrocephalus was occurring in both Lis1+/-and LisMin mice but at different frequencies. During the course of the crosses, 8 of 71 Lis1+/-mice developed hydrocephalus, while 32 of 88 LisMin double heterozygotes exhibited the phenotype ( fig. 1 B) . The phenotype was never observed in the Min mouse or in wild-type animals, nor was it found in Lis1 mutants in the Black Swiss background. Thus, the BL/6 genetic background produces a proclivity towards hydrocephalus in Lis1+/-animals that is exacerbated by the Min mutation. The nature of the BL/6 genetic modifier(s) of the Lis1 phenotype is not known. Figure 1 C shows coronal brain sections of adult offspring from a cross in which the parental Lis1+/-animal was 1 95% BL/6. Wild-type, Min, Lis1+/-and LisMin animals were examined (the LisMin littermate was visibly hydrocephalic in this group). Min brains were indistinguishable from wild-type brains, while the Lis1+/-mice had severe neuronal positioning defects in the CA1 region of the hippocampus. The LisMin brain was severely affected. Ventricles were grossly enlarged, and degeneration of white matter tracts and parts of the thalamus, hippocampus and other subcortical structures was apparent. Cortical neurons displayed chromatolysis (swollen cell bodies, reduced Nissl substance and acentric nuclei, fig. 1 D-F) . Less severe chromatolysis was observed in the Lis1 cortex but was not observed in wild-type or Min cortices.
The Enhancement of the Lis1+/-Phenotype by the Min Mutation Occurs in a Mixed Background in the Absence of Hydrocephalus
We next analyzed coronal sections of mixed background littermates that did not show signs of hydrocephalus to determine if the Min mutation acted as a genetic enhancer in the mixed background. The brains of Min animals were very similar to those of wild-type littermates ( fig. 2 A) . Neurons in CA1, CA2, CA3 and the dentate gyrus of the Lis1+/-mouse were disorganized, but less so than in the BL/6 background. However, the same regions in the compound mutant were severely disturbed ( fig. 2 B) . In addition, the organization of neurons in the cerebral cortex of LisMin mice was altered relative to Lis1 mice ( fig. 2 C-E) . Neurons in the Lis1+/-animal were organized in vertical trabeculae as described previously [2] . In the compound mutant, neurons were more densely packed in deeper layers and were aligned in horizontal bands as well as vertical trabeculae (arrows, fig. 2 C, D) . Neurons were not obviously chromatolytic but were more likely to be in physical contact with neighboring neurons ( fig. 2 E) .
Histopathological Features Are Already Present in Neonatal LisMin Animals
Embryonic day 19 littermates were examined to determine if a severer neuronal positioning defect was detectable in LisMin BL/6 mice prior to the onset of hydrocephalus. Inspection of whole embryos showed that the 4 genotypes were outwardly indistinguishable from one another ( fig. 3 A-D) . Moreover, on gross inspection of brains, all regions were present and of a similar size (not shown). However, histological examination of coronal sections revealed enlarged ventricles in the compound mutant mice accompanied by a reduced septum and striatum ( fig. 3 H) . The granule cells of the dentate gyrus and the pyramidal cells of the CA1, CA2 and CA3 regions of the stratum pyramidale were disorganized in postnatal day 2 Lis1+/-mice ( fig. 3 K, O) as was reported earlier for adult mice [2] . This disorganization was increased in the compound mutant mice ( fig. 3 L, P) indicating that Lis1 mutations sensitize mice to the effects of APC truncations on the establishment of hippocampal cytoarchitecture. The ventricles and hippocampus in Min mice ( fig. 3 F, J, N) were normal compared to that of wild-type littermates ( fig. 3 E, I, M) . This suggests that the APC mutation exacerbates the Lis1 phenotype prior to the onset of obvious clinical signs of hydrocephalus. 
Neurons Derived from LisMin Mice Are Less Migration Competent than Neurons from Lis1+/-Animals
To determine if the severer phenotypes observed in the compound mutants are related to further impairment of neuronal migration, we turned to an in vitro assay that was used in the initial characterization of the Lis1+/-mouse ( fig. 4 ) . In this assay, unidirectional migration of granule cells from cerebellar reaggregate clusters is measured [2] . The average number of migrating neurons and their distance traveled was analyzed for aggregates from wild-type, Min, Lis1+/-and LisMin animals. Representative clusters from each genotype are shown ( fig. 4 A) . At least 2 animals from each genotype were included in the analysis. Migration from clusters derived from Min animals was indistinguishable from wild-type migration ( fig. 4 B, C) . As expected from previous studies [2] , migration from Lis1+/-clusters was compromised. On average, fewer neurons had migrated away from the clusters at different distances from the clusters. The average number of migrating neurons was further reduced by a compounding Min mutation ( fig. 4 B) . Interestingly, fewer LisMin neurons (relative to Lis1+/-neurons) were found within 20 m from their cluster of origin, while similar numbers were found between 20 and 60 m from the cluster. This suggests that the Min mutation exacerbates a defect in the initiation of migration caused by Lis1 haploinsufficiency. 
Lis1 Is Reduced and p150glued Is Increased in Adult LisMin Brains
To determine if phenotypic changes in compound heterozygotes correlate with a change in expression of key proteins, we analyzed brain lysates prepared from adult, mixed background littermates ( fig. 5 D, E) . The relative protein levels on Western blots were estimated by densitometry. Values were normalized to extracts stained with Coomassie blue and to ␣ -tubulin probed on the same blots. Both methods yielded similar results. As expected, the level of Lis1 was reduced by approximately 50% in Lis1+/-animals. Two differences in protein expression correlated with phenotype severity (wild type, Min = no phenotype, LisMin severer than Lis1+/-). Lis1 expression was reduced and the dynactin subunit, p150glued, was elevated in LisMin brains. The reduced Lis1 expression in this sample is not likely due to loss of Lis1-expressing neurons, as Ndel1 and dynein are not affected. The higher level of p150glued in the LisMin brain could exacerbate the effects of Lis1 haploinsufficiency on dynein function. Alternatively, p150glued expression may be elevated as a compensatory response to defects in dynein function caused by the Lis1+/-mutation. Other differences in adult expression patterns between genotypes did not correlate with the severity of the brain phenotype. We compared brain extracts prepared from neonatal pups of all 4 genotypes ( fig. 5 A-C) . Lis1 expression was not reduced in neonatal LisMin brains, so a further reduction in Lis1 levels cannot account for the severer neuronal positioning defects that occur during development. However, EB1 expression was increased in both single mutants and further increased in the double mutant, suggesting that defects in EB1 regulation or interactions could contribute to the enhanced phenotype.
The Effect of Lis1+/-and Min Mutations on EB1 Distribution in Neurons Is Additive
Cortical cultures were prepared from cortices of 2 sets of neonatal littermates. Animals were genotyped at the time of harvesting. Three days after plating, cultures were fixed and processed for EB1 immunofluorescence. As described by others, EB1 immunofluorescence labeled comet-shaped structures in cell bodies and neuritic processes. The signal intensity and overall number of these structures appeared to be increased in mutant neurons. Digital images were acquired from all cultures using identical acquisition parameters. The intensities and numbers of comet-shaped structures were analyzed. An arbitrarily chosen threshold was used to isolate bright comets which were pseudocolored red. The average number of abovethreshold comets was compared in four 400-m 2 areas per genotype, using cultures derived from at least 2 animals per genotype ( fig. 6 A) . The areas were chosen to be of similar cell and neurite density. Only comets in neurites were counted, as cell bodies were too bright to distinguish individual comets. Lis1+/-and Min neurons had more of these above-threshold comets than wild-type neurons. This was further increased in LisMin neurons.
To control for regional or culture-to-culture variation in plating density, we next determined the number of above-threshold comets in 20-m segments of nonoverlapping neurites (20 segments per genotype). Similar results were obtained ( fig. 6 B) , indicating that the increase in bright comets is not due to the overall number of neurites. Although the significance of the brighter comets is not known, it provides an example of a molecular change caused by each mutation that is, to some extent, additive in the LisMin animals. 
A C-Terminal APC Fragment Binds to Purified Lis1 in vitro
Given the genetic interaction, we were interested in determining whether Lis1 and APC interact in the brain. APC staining was observed in cultured cortical neurons where it colocalized extensively with Lis1 ( fig. 7 A) . In Cos7 cells, APC and Lis1 overlap was restricted to membrane protrusions ( fig. 7 B, C) , suggesting that Lis1 and APC interact at protrusions during migration.
In support of the cell and genetic data, purified Lis1 was able to interact with a C-terminal APC fragment in vitro. Full-length recombinant mouse Lis1 was produced in insect cells using a baculovirus expression system. Proper folding of the purified Lis1 was indicated by the observation that it bound with high affinity to the known interacting proteins, Ndel1 and ␣ PAFAH1b [14] . The purified protein appears as a single band on a Coomassie gel. The histidine tag was removed during purification. The C terminus of APC containing the EB1-binding domain ( fig. 8 A, cAPC, aa 7731-8532) was expressed in E. coli. The histidine-tagged cAPC was easily detected on Western blots with a Histag antibody ( fig. 8 B) . However, the recombinant cAPC did not bind to nickel resin and was not precipitated with the Histag antibody, indicating that the tag was not exposed in the native protein. Therefore, to examine Lis1 binding, bacterial lysates expressing cAPC were incubated with or without Lis1 and potential complexes immunoprecipitated with a Lis1 antibody ( fig. 8 C) . cAPC coprecipitated only when Lis1 was present in the reaction. Bovine brain dynein also coprecipitated with Lis1 if included in the reaction. All subunits of the dynein holoenzyme are present in this preparation, which is free of dynactin, Lis1, Ndel1 and tubulin [14] . The same amount of cAPC coprecipitated with Lis1 even when dynein was included, suggesting that dynein does not compete with APC for Lis1 binding.
Discussion
Our data show that a truncating mutation in one allele of the APC gene enhances the effect of Lis1 haploinsufficiency in mice. The APC mutation alone has no effect on neuronal positioning, but increases positioning de- regulated in adult brains from both single mutants and even more so in double mutants. However, further experiments will be required to determine if the upregulation contributes to the aggravated phenotype or is a compensatory reaction. fects in Lis1+/-mice. This suggests that APC functions in brain development during neuronal migration, but that a Min mutation alone is not sufficient to cause detectable changes. Others have shown that loss of APC reduces the migratory capacity of cultured epithelial cells, fibroblasts and osteosarcoma cells [32, 33] . In the Min mouse, neurons express less wild-type APC but also contain truncated protein. The Min mutation has not been characterized as extensively but was reported to interfere with migration in intestinal enterocytes in vivo [34] . We now find that the presence of the Min allele exacerbated the migration defect exhibited by Lis1+/-cerebellar granule cells in a cluster migration assay. Our findings uncover a novel link between APC function and neuronal migration in the developing brain. The synthetic phenotype caused by compounding heterozygous Lis1 and APC mutations could arise indirectly if Lis1 and APC participate in unrelated pathways that both impact neuronal migration. However, some evidence points to a more direct interaction between APC and Lis1. For example, the Min mutation causes a fairly dramatic redistribution of Lis1 to microtubule-organizing centers in colon cell lines. This might occur even if Lis1 and APC are not functionally related if the Min protein alters microtubule organization/dynamics. However, APC is reportedly a functional component of centrosomes in Madin-Darby canine kidney cells [35] and may influence Lis1 directly. In support of this, we find that purified Lis1 can interact directly with the C terminus of APC in vitro. We do not know if Lis1 can interact with the C terminus of full-length APC in the brain, but if so, the presence of the Min protein, which would not bind Lis1 normally, could sensitize neurons to reduced Lis1 dosage.
Interestingly, we find that cAPC also interacts with purified dynein motors. Others have shown that dynein associates indirectly with the APC partner, EB1 [5] . In our binding assay, EB1 appears to compete with dynein for binding to this region of APC (data not shown). Given its status as a microtubule-plus-end-tracking protein, our data suggest that a relevant interaction between APC and Lis1/dynein may occur at the microtubule plus end. EB1 distribution and expression are altered in cortical neurons from Lis1+/-and Min mice, and even more so in the double mutant. Since EB1 immunofluorescence appears as comet-shaped structures at microtubule plus ends, our finding further argues that plus ends may be important sites of APC/Lis1 interactions. The p150glued subunit of the dynein regulatory complex, dynactin, binds directly to EB1. It is interesting that p150glued expression is up- . Dynein (dyn.) purified from bovine brains is labeled with a DIC antibody. C Lis1 at 10 pmol was added to 500 l of the 2-hour cAPC extracts, in the presence or absence of 6 pmol dynein. Lis1 was immunoprecipitated. Coprecipitating proteins were analyzed by Western blotting. cAPC coprecipitates with Lis1, independent of dynein.
Backcrossing the Lis1 mutation into a C57BL/6 inbred mouse strain resulted in an increased incidence of hydrocephalus. Although this phenotype was not observed in Min mutants in any background, the incidence of hydrocephalus in compound mutants was dramatically increased. Signs of severe chromatolysis in cortical neurons in hydrocephalic LisMin mice also suggest that axonal or synaptic function is perturbed. Mice with compound mutations in both Lis1+/-and reelin pathway members (reelin, Vldlr, Lrp8, Dab1) exhibit progressive hydrocephalus caused by obstruction of the ventricular drainage system caused by defects in the ependymal lining of the third ventricle and the aqueduct of Sylvius [36] . Interestingly, an axonemal dynein heavy-chain gene, Mdnah5, is specifically expressed in ependymal cells, and is critical for the functional integrity of ependymal cilia. In Mdnah5-mutant mice, lack of ependymal flow causes closure of the aqueduct and subsequent formation of triventricular hydrocephalus during early postnatal brain development. Lis1 is localized to some motile cilia in mammals [37] but it is not clear if and how Lis1 functions in these cells. No role has been described for APC in ependymal cells. APC clearly functions in intestinal epithelium and may have similar functions in brain epithelial cells. If so, defects in Lis1 and APC may indirectly converge in ependymal cells to produce the higher incidence of hydrocephalus.
There are clearly genetic modifiers of the Lis1 phenotype in the BL/6 background. One possible candidate is the MOM1 locus, discovered because this locus influences intestinal tumor formation in Min animals [38] . The relevant gene is thought to encode a phospholipase A protein (PLA 2 IIA) that is inactivated in BL/6 mice. Although there is not a clear link between PLA 2 IIA function and Lis1, phospholipase A can contribute to the synthesis of platelet-activating factor (PAF) [39] . Lis1 forms a tripartite complex with PAF acetylhydrolases, which can compete with a potential Lis1-activating protein for binding to Lis1 [40] . Future studies may be able to determine if PAF synthesis is altered in BL/6 mice, and if PAF can influence Lis1 function.
Lissencephaly in humans is quite variable, both at the level of brain morphology and at the level of clinical manifestations, so uncovering a genetic interaction between Lis1 and APC is interesting from a disease standpoint. Our work suggests that the APC and MOM1 genes are candidates for potential sites of lissencephaly modifiers.
